Three sites from Leg 151 were selected for a study of orbital-and millennial-scale climate variability during the last 140,000 years. This interval, from marine isotope Stage (MIS) 6 to the present, includes the last large climate cycle of the Quaternary. Sites 907, 909, and 910 constitute a transect, roughly north-south, from the Iceland Plateau, through the Fram Strait, to the Yermak Plateau. Sediment cores from these sites were analyzed for the abundance and diversity of planktonic foraminifers and the quantity and composition of ice-rafted debris (IRD).
INTRODUCTION
Sites drilled during Ocean Drilling Program Leg 151 are well situated for studies of the history of climate, ocean circulation, ice-rafting, and sea ice in the North Atlantic-Arctic Gateways region (Fig. 1) . Studies from widespread other locations have demonstrated the generally cyclical nature of Quaternary climate, with conditions varying from glacial to interglacial through transitions that may be gradual or abrupt (e.g., Hays et al., 1976; Imbrie et al., 1984) . Higher frequency cycles and episodic behavior are increasingly evident during the last climate cycle (e.g., Dansgaard et al., 1971; Heinrich, 1988; Fronval et al., 1995) and may also typify earlier intervals. The relatively thick Quaternary sections that were recovered during Leg 151 hold the potential for high resolution studies of variability down to millennial time scales. We sought in this study to examine the extent to which the last large climate cycle of the Quaternary was recovered during Leg 151, to assess the variability of conditions throughout that interval, and to consider similarities and contrasts between the youngest successive glaciations and interglacials, for comparison with older intervals.
We focused on sedimentary particles greater than 150 µm. Such coarse sediment, consisting in this study of calcite foraminifer tests and a variety of detrital sand grains, is most likely to be deposited verThiede, J., Myhre, A.M., Firth, J.V., Johnson, G.L., and Ruddiman, W.F. (Eds.), 1996. Proc. ODP, Sci. Results, 151: College Station, TX (Ocean Drilling Program) . tically and least likely to be reworked, and thus provides a link to the surface waters overlying the sites. The grains are also abundant enough (typically on the order of thousands per sample) to provide good statistics for particle counts. Sedimentary foraminifer abundances and assemblages reflect the severity of climatic conditions at the overlying sea surface, while the amount and type of coarse detrital sediment delivered by icebergs may provide clues to the location and extent of nearby ice sheets. Previous studies have successfully utilized both faunal assemblages and ice-rafted debris (IRD) to reconstruct surface water trajectories and water mass migrations (e.g., Ruddiman and Mclntyre, 1976; Ruddiman, 1977; Kellogg, 1980; Bischof, 1990; Spielhagen, 1991; Baumann et al., 1995) .
METHODS
A series of samples was removed every 5 cm from the working half of the split core, beginning at 0.02 mbsf and continuing through all sections of the first two cores at each site. The samples were taken using a cylindrical 5-cm 3 tube, which yielded 2-3 grams of sediment after drying. The sediment plugs were freeze-dried, weighed, and wet sieved into coarse (>63 µm) and fine size fractions. An additional size fraction was separated by dry sieving through a 150-µm screen for counting and identification. This fraction, consisting of adult foraminifer tests, mineral grains, and rock fragments, was split to provide counts of approximately 300 foraminifer or lithic grains. The particles were scattered in a gridded counting tray and visually inspected through a binocular microscope at 25 to 50 magnification. Counts and identifications were performed on each sample, beginning from the core top down to a level within MIS 6. The oxygen isotope stratigraphy was established by measurements from these same sites (Flower, this volume; Fronval and Jansen, this volume) and by correlation with published records from nearby sites. 
RESULTS
At Hole 907A, the MIS 5/6 boundary occurs at 2.2 mbsf, and the mean sedimentation rate is thus 1.7 cm/k.y. The uppermost 20 centimeters of the core is characterized by isotopic values <4.0‰ (Fronval and Jansen, this volume) , indicating the Holocene, or MIS 1 (Fig. 2) . This interval contains abundant planktonic foraminifers and relatively few coarse detrital grains. Subpolar foraminifers increase in abundance, as do benthic foraminifers. Beneath these youngest sediments is a layer containing a disseminated rhyolitic ash, consisting of clear, platy, bubble-wall shards (Fig. 3) . We conclude that this layer represents a portion of Ash Zone 1 (Bramlette and Bradley, 1941; Ruddiman and Glover, 1972) dated by 14 C to 10,000-11,000 years (Mangerud et al., 1984; Bard et al., 1994) . The peak in shard concentration at 0.22 mbsf in Hole 907A indicates that the youngest sediments were largely recovered at this site, and, since there is little sediment missing at the core top, the estimated sedimentation rate need not be adjusted.
Beneath the upper 20 cm, both the abundance and diversity of planktonic foraminifers diminish (Fig. 3) . Concentrations decrease by an order of magnitude, and the faunal assemblage becomes nearly monospecific, consisting of more than 95% Neogloboquadrina pachyderma sinistral. Beneath 1.0 mbsf there is a slight increase in faunal concentration, and beneath 1.8 mbsf, the faunal concentrations, subpolar species abundance, and isotopic values exceed those at the core top. Although the concentration of lithic fragments varies throughout, it remains generally high down to 1.8 mbsf and drops to a minimum below that level. Beneath 2.1 mbsf, all of the indicators follow a similar pattern as beneath 0.2 mbsf. The proportion of icerafted to biogenic particles in the coarse fraction also varies throughout, with prominent peaks evident in MIS 2-4 and at each of the deglacial transitions.
At Hole 909 A the >63-µm fraction varies from less than 5% of the total sediment weight to peaks greater than 20% within the upper 4.4 mbsf (Fig. 2) . Below this horizon, the values increase to more than 30% before diminishing again below 5.0 mbsf. These variations correlate with those of a nearby core, 21535-3, which has a published oxygen isotope stratigraphy (Kohler and Spielhagen, 1990) . A distinct lithologic change marks the MIS 5/6 boundary, and indicates a mean sedimentation rate of 3.4 cm/k.y. for the overlying sediments. Because the uppermost sediment is not clearly diagnostic of complete Holocene recovery, this rate must be considered a minimum value.
The planktonic foraminifer assemblage remains nearly monospecific at all depths, and the total abundances vary from zero to several thousand/gram (Fig. 4) . Lithic concentrations vary throughout, with minima of less than 1000/g and maxima of greater than 3000/g down to 4.4 mbsf. Below this horizon lithic concentrations increase to more than 10,000/g before diminishing again. Coarse rock fragments are ODP 907A pαchydermα sinistral were used at Sites 907 (Fronval and Jansen, this volume) and 910 (Flower, this volume). Stage boundaries were identified for three large isotopic transitions between marine isotope Stages 1/2, 4/5, and 5/6. The MIS 5/6 boundary was assigned an age of 130,000 years (Martinson et al., 1987) . MIS 3 may be evident in moderately light values between MIS 2 and MIS 4 in both cores. Site 909 was correlated to a nearby gravity core (21535-3) on the basis of distinctive features in the record of coarse sediment, using weight percentage as a measure. Stage boundaries were then assigned based on the oxygen isotope stratigraphy of that core (Kohler and Spielhagen, 1990) .
abundant, and the concentrations of specific rock types (i.e., siltstones and coal) vary from negligible to over 300/gm. Coal fragments are particularly common below 4.4 mbsf, supporting the proposed stratigraphy, as such an increase was previously observed in MIS 6 Kohler and Spielhagen, 1990) . At Site 910, the MIS 5/6 boundary occurs at 3.3 mbsf, and the mean sedimentation rate is thus 2.6 cm/k.y. Isotopic values reach 3.2%o in the uppermost interval (Flower, this volume), indicating the Holocene (Fig. 2) . Unlike at Site 907, planktonic foraminifers remain rare in this and relatively few coarse detrital grains (Fig. 5) . The oxygen isotope record increases to peak glacial values of over 4.2%o within the upper 1.0 mbsf, diminishes to intermediate values for 2 meters, and then drops to values near 3.2%o again below 3.0 mbsf. This latter interval represents MIS 5, and is bounded by isotopic maxima that represent MIS 4 and MIS 6. The mean sedimentation rate above this lower horizon is 2.7 cm/k.y. Again, because the uppermost sediment is not diagnostic of complete Holocene recovery, this rate is a minimum estimate.
Planktonic foraminifers occur only in minor concentrations and a nearly monospecific assemblage, dominated by Neogloboquαdrinα pαchydermα sinistral, throughout the upper 5 meters (Fig. 5) . Lithic concentrations remain consistently high within this interval, and reach peak values from 0.4 to 0.6 mbsf. Although coal fragments are present throughout, they rarely constitute as much as 2% of all coarse grains. Silts tone fragments are somewhat more abundant, varying from 2% to 6% below 1 mbsf, and rising to a single peak of more than 30% within the uppermost 0.5 mbsf.
DISCUSSION
Based on coarse fraction sedimentary components, the transect from Site 907 to Site 910 indicates a gradient of surface conditions at times during the last climate cycle. That gradient apparently diminished during the most severe and increased during the mildest intervals, as the northernmost site (Yermak Plateau) displays little faunal or IRD variability, while the southernmost site (Iceland Plateau) experienced significant climate amelioration during interglacials. These observations may be put in context by evaluating each proxy in turn. They may also be considered as part of an extended transect for comparison with evidence from the subpolar North Atlantic. There, climate variability is evident not only on glacial/interglacial time scales (e.g., Ruddiman and Mclntyre, 1976) but also on millennial time scales in records of faunal assemblage and IRD (Heinrich, 1988) .
Each of the paleoceanographic proxies utilized in these previous studies, and in our own, measures the relative importance of some sensitive indicator. In the case of faunal assemblages it is the relative Gray scale values are based on the relative intensity of sediment reflectance from digitized core images. Foraminifer abundances are based on counts of all specimens in a sample split several times, multiplied by the number of times split, and divided by the dry bulk mass of sediment collected at a given depth. Polar fauna values were generated by identifying and counting N. pachyderma sinistral specimens as a percentage of all planktonic foraminifers (approximately 300) in a given split sample. Lithic fragment concentrations were calculated counting detrital grains using the same procedure as stated for foraminifer abundances. The number of lithics counted to the total of lithics and foraminifers counted in the same aliquot was multiplied by 100 to yield a percentage. This parameter is equivalent to the percentage IRD (Heinrich, 1988) or IRD grain percentage (Baumann et al., 1995) used by others.
abundance of polar forms, in the case of lithic concentrations it is the importance of ice-rafting relative to other sedimentary processes, and in the IRD grain ratio it is the importance of ice-rafting relative to foraminifer productivity and preservation. Changes in these proxies, in turn, may imply changes at the sea surface such as temperature and productivity, the degree of glaciation on surrounding land masses, and circulation patterns by way of iceberg trajectories. Each proxy is sensitive to a range of variation, and becomes insensitive at both extremes, when it remains at minimum or maximum levels. In these extreme cases the proxy signal may be considered saturated, and other proxies having different ranges of response must be considered. On the Iceland Plateau, due to polar foraminifer abundances near saturation (100%) for much of the record, faunal variation is limited to glacial/interglacial contrasts. The millennial-scale faunal variability in the North Atlantic (e.g., Bond et al., 1993) is not apparent at Site 907. At Sites 909 and 910 even the glacial/interglacial signal is diminished. One unlikely possibility is that these sites experienced long intervals of stable climate between peak interglacials. A more likely explanation is evident in the records of ice-rafting. At the time within MIS 5 that polar foraminifer abundances returned to values above 95% at Site 907, IRD increased in importance. The concentration of lithic fragments then varied by a factor of two to four throughout the ensuing glaciation before returning to negligible values in the Holocene. At Site 909 a similar pattern of variability in IRD continues throughout the recovered record. The measured lithic concentrations at these two sites imply variable iceberg delivery. This variability may reflect glacial growth and retreat on nearby land masses, and it may also be influenced by the sensitivity of iceberg melting to small changes in sea surface temperature (Hebbeln and Wefer, 1991) . In either case, faunal assemblages do not capture the same variability. At Site 910, the concentration of lithic fragments remained at very high values at all times. Again, this may reflect stable conditions on the Yermak Plateau, although it more likely indicates that ice-rafting is so important at all times that the IRD proxy is effectively saturated. Part of the rationale for examining the siltstone rock fragments at our northern sites was to consider a possibly more sensitive proxy during intervals when ice-rafting was uniformly high. While these fragments did vary in abundance at Site 909, they remained low at Site 910. The increase in siltstones at Site 909 indicates the increased relative importance at that location of IRD from a sedimentary source. The increase in lithic concentrations at the same times indicates that the total ice-rafting increased, and that the relative change in IRD composition was not solely due to the diminution of a previously important source. Clastic rock fragments may have been delivered to the Fram Strait by ice streams extending down the western fjords of Spitsbergen from the sedimentary interior basins (Birkenmayer, 1981) . As pointed out by Bischof (1994) , they may also have come from a number of other sources, including southern portions of the Barents ice sheet. Additional analyses may be required to pinpoint this variable source, although we can say that the influence does not appear to extend to the Yermak Plateau. Variability at Site 910 may yet be evident in measurements of integrated mass fluxes using improved oxygen isotope age control, estimates of instantaneous mass fluxes using excess Coarse fraction weight percentage was calculated by weighing the dry bulk sample, weighing the fraction captured in a 63-µm sieve, dividing the two weights, and multiplying by 100. Polar fauna values were generated by identifying and counting N. pachyderma sinistral specimens as a percentage of all planktonic foraminifers (approximately 300) in a given split sample. Lithic fragment concentrations were calculated using the counted value of all detrital grains in a split sample, multiplied by the number of times split, and divided by the dry bulk mass of sediment collected at a given depth. Coal and siltstone rock fragment abundances were calculated using the same procedure as stated for lithic fragment abundances.
chof, 1994; Bond and Lotti, 1995) and isotopic (Grousset et al., 1993; Gwiazda et al., in press ) tracers of detrital provenance. While IRD abundance does not vary at Site 910, both Holes 907 A and 909A display a pattern of variable ice-rafting that began following a minimum early in MIS 5. It is not possible to date the IRD increases precisely, yet it is clear that there are more cycles than might be explained by orbital forcing. It is tempting to view this severalthousand-year variability in the light of high-frequency oxygen isotopic changes in deep ice cores from Greenland (Dansgaard et al., 1993) . If those isotopic changes represent temperature shifts related to global, or at least regional, climate, they should also be evident in high quality records of the sea surface. There is increasing evidence that this is precisely the case in the North Atlantic (e.g., Bond et al., 1993; McManus et al., 1994; Bond and Lotti, 1995) , and in the Nordic Seas (Larsen et al., 1995; Fronval et al., 1995; Stein et al., in press ). This latter group of studies is now supported by the evidence from Sites 907 and 909. One consequence of this variability in particular in the Gateways region is its communication outside the region by way of global circulation. Sub-Milankovitch changes in deep-water chemistry during MIS 5 appear to support such a link (Keigwin et al., 1994) .
The ratio of lithic fragments to foraminifers is an index of ice-rafting when foraminifer deposition and preservation is constant. In practice, even in high preservation locations, this ratio reflects a more complex interaction of ice-rafting and foraminifer productivity. A series of events that punctuated the last glaciation (Heinrich, 1988) is characterized by discrete peaks in this ratio during MIS 2-4 and again in late MIS 6 in the subpolar North Atlantic. North of 50°N this distinct signal wanes (Bond et al., 1992; Grousset et al., 1993; Robinson et al., 1995) as fewer icebergs survived the generally southwestnortheast transit. Consequently, the signal at Site 907 cannot be due to the arrival of the same iceberg armada, but must reflect deposition of locally derived IRD. This finding, together with similar evidence from the Norwegian Sea (Baumann et al., 1995) , Greenland Sea (Stein et al., in press) , and North Atlantic (Bond and Lotti, 1995) supports the idea that climatically driven advances of multiple ice sheets, rather than Laurentide ice dynamics (MacAyeal, 1993) , were responsible for the Heinrich events. The similar pattern of peaks in records from the eastern North Atlantic and the Iceland sea (Fig. 6 ) may reflect a similar combination of relatively distal sites and sensitivity to possible influences on foraminifer productivity, such as colder temperatures and meltwater.
Although four MIS 5 events were postulated by Heinrich (1988) , and subsequently identified (McManus et al., 1994) , they were not of sufficient scale to overwhelm foraminifer deposition. Only at the transition from MIS 6 and during the major glaciation subsequent to Foraminifer abundances are based on counts of all specimens in a sample split several times, multiplied by the number of times split, and divided by the dry bulk mass of sediment collected at a given depth. Polar fauna values are not plotted, as foraminifer abundances on the order of units to tens per gram were insufficient to provide statistical confidence in assemblage estimates. Lithic fragment concentrations were calculated by taking the counted value of all detrital grains in a split sample, multiplied by the number of times split, and divided by the dry bulk mass of sediment collected at a given depth. Coal and siltstone rock fragment abundances were calculated using the same procedure as stated for lithic fragment abundances, then divided by the total lithic abundance and multiplied by 100.
MIS 5 did full scale Heinrich events occur. Large ice sheets, upon reaching a threshold at the MIS 4/5 transition, apparently played a role in amplifying a signal that was present prior to the end of MIS 5. Because Quaternary climate is largely cyclical in nature, it is often possible to consider long time series as the record of repeated glacial and interglacial episodes and the transitions between them. For this reason this study might be expected to provide insights into what might be considered the typical prevailing conditions at each site during climatic extremes. Only at Hole 907A is this true, in that the glacial/in terglacial pairs MIS 5/6 and MIS 1/2 were similar to each other with respect to faunal and IRD content. At the other sites, while individual time series returned to similar values, in no case was the broad suite of proxies repeated, either during peak glacials or interglacials. Whereas the interglacial aspect of this observation might be attηbut-ed to the "anomalous" character of MIS 5 (Kohler and Spielhagen, 1990) , the dissimilarity between glacial MIS 2 and MIS 6 is as great or greater at Hole 909A. This implies that multiple glacial influences and local overprints may rival or alter the glacial/interglacial signal sufficiently that caution is justified in paleo-interp re tations.
CONCLUSIONS
The last climatic cycle was largely, if not completely, recovered at the three Leg 151 sites we examined. Sub-Milankovitch variability is evident in ice-rafting cycles on the Iceland Plateau and in the Fram Strait. The composition of IRD varied to a greater extent at Site 909 than at Site 910, implying a variability in the influence of surrounding ice sheets, surface trajectories, or thermal gradients. The last two glacial/interglacial pairs were dissimilar at two of the three sites, complicating the interpretation of earlier conditions. . Time series of digitized image reflectance and lithic abundance relative to total entities >150 µm. V28-82 is a piston core recovered from the eastern North Atlantic, well within the belt of maximum IRD deposition (Ruddiman, 1977) . Gray scale values were generated from electronic scans of digitized core photographs. The sediment reflectance was divided into 256 relative levels, plotted here with high values indicating high reflectance of light sediment. The number of lithics counted to the total of lithics and foraminifers counted in the same aliquot was multiplied by 100 to yield a percentage. This parameter is equivalent to the percentage IRD (Heinrich, 1988) or IRD grain percentage (Baumann et al., 1995) used by others. Heinrich events H1-H6 occur as peaks in the lithics/total ratio within the dark sediment reflecting glacial MIS 2-4. No peaks occur in the light sediment of MIS 1 and MIS 5. A single event, Hll, marks the transition from MIS 6 to MIS 5.
